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Abstract

REGENERATION OF MEISSNER CORPUSCLES IN DIABETIC
MICE FOLLOWING MEDIAN NERVE CRUSH
by
Bonnie J. Forrester

The hyperglycemic metabolic condition found in diabetes mellitus leads to the
development of sensory neuropathies and causes delayed and incomplete neuronal
regeneration. Diabetic sensory neuropathy has been shown to contribute to the
impairment of light touch and low frequency vibratory perception. It is proposed
that the regeneration of receptors that detect these sensations will be delayed and
incomplete in diabetic animals with uncontrolled hyperglycemia.

This study

addresses the effects of diabetes on the regeneration of Meissner corpuscles, distal
sensory endings that perceive light touch and low frequency vibration.
Corpuscles from 60 diabetic mice, and their age-matched, non-diabetic
littermates, were examined for qualitative and quantitative changes following a
median nerve cryocrush of the left forepaw. Right forepaws were used for non
crush controls. Digits II and III from both forepaws were formalin-fixed, frozen
sectioned and silver-impregnated to allow for light microscopic examination of the
neurites.

Corpuscular concentration, innervation, complexity and neurite

intraepidermal continuations along with neurite branching and caliber were
compared among the non-diabetic, diabetic, non-crush and post-crush sections.
Non-diabetic corpuscles regenerated to a characteristic, pre-crush morphology,

displaying typical corpuscular concentration, innervation and neurite caliber.
Diabetic corpuscles showed a significant delay in regeneration and full corpuscular
innervation, complexity and caliber was not achieved by 120 days post-crush. This
delayed and incomplete reinnervation seen in diabetic animals could compound the
decreased perception of sensations that usually occurs in diabetes.
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KEY TO ABBREVIATIONS & TERMS

Area

= 0.28 millimeter x 70 microns

Br

= branching: refers to branching of the neurites before or
while entering the corpuscle

Corpuscle concentration = Meissner corpuscles per area
Crush

= nerve supply was crushed

DB

= diabetic

Innervation

= neurites per Meissner corpuscle

MC

= Meissner corpuscle

MC/A

= Meissner corpuscles per area

"Nerve sheath"

= basal lamina tubes left following nerve degeneration

Neurite

= continuation of the axon within the corpuscle after losing
its Schwann cell investment

NIC

= neurite intraepidermal continuations: thin neurites that
extend from the superior part of the corpuscle into the
epidermis

N/MC

= neurites per Meissner corpuscle

Non-crush

= nerve supply was not crushed

Non-db

= non-diabetic
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INTRODUCTION

The sense of touch is an important feedback mechanism for information
about the environment. We rely on it to protect ourselves from noxious and harmful
stimuli. When it is absent or impaired, environmental information is diminished and
the risk of injury to the impaired part is increased. Cutaneous sensation can be
impaired after nerve regeneration or after prolonged metabolic derangement such
as the hyperglycemia of diabetes mellitus. This study addresses the effects of both
these conditions on Meissner corpuscles, distal sensory endings that perceive light
touch and low frequency vibration.
The following is a brief overview of sensory impairments found as a
complication of diabetes and nerve injury.
Diabetes Mellitus
Diabetes mellitus is a complex disease with various systemic complications.
Grodsky et al. (1982), contends that diabetes is not a single disease, but is a varied
group of symptoms that reflect a variety of causative factors, both genetic and
environmental and therefore loosely defines diabetes as a demonstrable abnormality
in metabolism that results in hyperglycemia.
All manifestations of diabetes are characterized by impairment in
carbohydrate metabolism.

Two types have been established.

Type I, insulin

dependent diabetes mellitus (IDDM), is characterized by lack of insulin production,
weight loss, early age of onset and increased production of ketone bodies due to

1

2

reliance on the breakdown of fats and proteins for energy. Type II, non-insulin
dependent diabetes mellitus (NIDDM), is characterized by a relatively later onset
and insulin production in a quantity that is insufficient to maintain glucose
homeostasis and/or insensitivity to the insulin that is produced.
Whether due to lack of production, low quantity of production or insensitivity
to insulin the end result is hyperglycemia, an elevated level of glucose in the blood
due to the inability to utilize glucose without the action of insulin. This chronic
hyperglycemia has been associated with the development of abnormalities in the
microcirculation and peripheral nervous system that are clinically seen as
nephropathy, retinopathy and neuropathy (Taylor & Agius, 1988). Of concern to this
study is the development of neuropathic sensory deficits secondary to diabetic
neuropathy.
Diabetic Neuropathy
The term, diabetic neuropathy covers a broad range of conditions that affect
the peripheral and autonomic nervous functions. In the peripheral nervous system
the more commonly occurring symptom is a diffuse distal symmetrical pattern of
neuropathy called a polyneuropathy. Some of the clinical signs seen in diabetic
polyneuropathy are: decreased vibratory perception (Gregersen, 1968; Heimans et
al., 1986), reduced ability to detect light touch and two-point discrimination, reduced
ability to detect temperature changes and diminished or absent reflexes (Thomas and
Eliasson, 1984).

Development of sensory deficits in light touch, light contact

vibration and two-point discrimination have caused blind diabetic subjects to have
difficulty reading Braille (Heinrichs and Moorhouse, 1969).

Loss of protective
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sensations along with repetitive trauma can lead to ulcerations, especially in the feet
of diabetic patients with advanced neuropathy. Chronic ulceration of the feet can
be a major problem in diabetes leading to amputation or death due to development
of infection and gangrene (Greene et ah, 1988).
The specific anatomical and physiological deficits associated with these
symptoms are not well defined.

Chopra and Hurwitz (1969) found segmental

demyelination and remyelination in the nerves of diabetic patients and felt this was
the primary axonal deficit. More recently, other investigators have contended that
axonal fiber loss and shrinkage is the primary deficit (Jakobsen, 1976a; Sima et al.,
1983; Dyck et al., 1986). This axonal shrinkage and dwindling has been associated
with the slowing of nerve conduction velocity found in diabetic nerves (Behse et al.,
1977; Harada et al., 1982; Dyck et al., 1985). Axonal dwindling is thought to be
caused by a decreased availability of structural proteins to the axon due to their
decreased production or delivery (Sidenius and Jakobsen, 1980).
Axonal Transport
Axonal transport of material from the nerve cell body to the outlying axonal
processes is known as anterograde transport and occurs at different rates. The fast
rate is utilized for components that are needed quickly for membrane renewal and
for neurotransmitter synthesis. The slow rates are used for the transportation of
cytoskeletal elements that are needed for growth and maintenance,

Two

components of slow transport have been identified, slow component a (SCa) and
slow component b (SCb).

SCa has been identified as the rate that structural

proteins, such as neurofilaments and microtubules, are transported (Ochs, 1981).
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Proline labeling of these proteins revealed that their mean velocity of transport was
significantly reduced in diabetic rats (Jakobsen and Sidenius, 1980). As the number
of neurofilaments has been directly correlated with axonal caliber (Medori et ah,
1988) this decrease in delivery of cytoskeletal elements might well be the reason for
axonal dwindling in diabetic nerves. Slow component b (SCb), which carries proteins
such as actin and myosin, along with enzymes used in intermediary metabolism, has
not been found to be delayed due to diabetes (Sidenius and Jakobsen, 1985; Bisby,
1980).
Another axonal transport mechanism that has been found to be affected by
diabetes is retrograde axonal transport. Retrograde axonal transport is thought to
serve a messenger function by transporting substances from the periphery of the
nerve to the cell body where they are used to signal the amount of protein synthesis
needed (Sidenius and Jakobsen, 1985). A reduction in the amount of glycoproteins
(signal substances) retrogradely transported to the nerve cell body was found in
diabetic rats (Sidenius and Jakobsen, 1981) and was postulated to be the primary
impairment that leads to a secondary impairment of slow axonal transport.
Decreased rates of axonal transport have also been implicated in the axonal
regeneration deficits found in diabetes (Sidenius and Jakobsen, 1980).
Peripheral Nerve Regeneration
Interruption to the axon by transection or crush injuries triggers the nerve cell
body to initiate regeneration of the injured part. Sunderland (1978) has described
six functional stages of regeneration. Briefly they are: 1) cell body reacts to the
retrograde effects of interruption to the axon and subsequently initiates regeneration;
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2) regenerating sprouts cross the site of injury; 3) regeneration of the axon follows
the basal lamina tubes if possible; 4) axon reaches the target end-organ; 5)
maturation of the axons and their target end-organ occurs with full restoration of
morphological and physiological properties; and 6) recovery of sufficient numbers of
axons along with an appropriate innervation pattern occurs for full restoration of
function. This full maturation is required for the highly specialized response of the
end-organs to be completely reestablished (Zimmermann, 1985).
Even without the effects of diabetes, regeneration after nerve transection
has been found to be faulty and incomplete. Problems seen clinically following
complete nerve severance and repair include reduced sensitivity and perceptual
mislocalization of stimuli within the skin area supplied by the injured nerve (Hallin
et al., 1981). These sensory deficits have been correlated with various anatomical
findings in human and animal studies. Misguidance of the regenerating axon and a
decreased reinnervation of sensory receptors has been found in human subjects
(Hallin et al., 1981; Mackel et al., 1983). In animals, the restoration of nerve
endings in low threshold mechanoreceptors was found to be incomplete in the
hindpaws of rats following sciatic nerve transection and repair (Aldskogius et al.,
1988) and in cats the original innervation pattern in the hindpaw was not restored
following this type of injury to the posterior femoral nerve (Horch, 1979).
Regeneration following a crush injury to the nerve is more accurate and
complete due to the connective tissue sheaths (endoneurium and perineurium) that
are left intact. The basal lamina of these sheaths have been shown to survive the
clean-up done by macrophages and serve as pathways for guidance and maintenance
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of regenerating axons (Ide et al., 1983). Many studies conclude that regeneration
following a crush injury is complete (Wong and Kamagasuntheram, 1971; Horch,
1979; Dyck and Terzis, 1980; Ide, 1982c; Sanders and Zimmermann, 1986) but in a
study of the accuracy of reinnervation following crush and/or freezing of the nerve,
Brown and Hardman, (1987) found that a significant number of axonal growth cones
crossed the endoneurial sheaths, with the amount of misdirection depending on the
age of the animal and whether the injury was at a spinal or peripheral level.
Another finding after transection or crush injuries was a decrease in conduction
velocity in the nerve (Cragg and Thomas, 1964), but the clinical significance of this
is not known.
Peripheral nerve regeneration in diabetes has been shown to be delayed and
sometimes incomplete (Bisby, 1980; Longo et al., 1986; DiGregorio, 1988).
Previously discussed neuropathological findings of axonal dwindling, reduced nerve
conduction velocity, delayed retrograde and slow axonal transport along with
impaired protein synthesis in diabetes are alterations that are thought to cause
delayed and incomplete regeneration. Nerves from diabetic rats were found to take
significantly longer to commence regeneration following a nerve crush (Bisby, 1980)
and their regeneration through a silicon tube was delayed and incomplete (Longo
et al, 1986). Sensory endings are also affected. The density of distal nerve fibers
in the hindpaw of diabetic rats were still found to be reduced fifteen weeks after a
sciatic nerve lesion (Aldskogius et al., 1988) and immature, regenerated terminal
motor endings (boutons) were found to be present at long time intervals after a
sciatic nerve crush (Janig et al., 1968).
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Meissner Corpuscles
Meissner corpuscles are distally located receptors that are found in the
dermal papillae of glabrous skin. They are mechanoreceptors with rapidly adapting
responses to low frequency vibration (5-40 Hz), light touch and two-point
discrimination.

Morphologically these corpuscles consist of neurites (neuron

processes), Schwann-cell derived lamellar cells and an incomplete capsule which is
continuous with the perineurium. They are most frequently found in the glabrous
skin of the hands and feet (Brodal, 1981).
These mechanoreceptors have been shown to be capable of regeneration.
Following interruption to the nerve supply the axon degenerates but the lamellar
cells, though atrophied, do not totally disappear (Ide, 1982a). Once reinnervation
occurs, these same lamellar cells are utilized to regenerate the digital corpuscles.
The amount of time that can pass before successful reinnervation of the atrophic
corpuscles can no longer occur is not known but Dellon et al. (1975) has speculated
that after four months of shrinkage and collapse, the corpuscle would probably be
incapable of fully responding to the reinnervating neurites trophic influence and that
structural changes would probably prevent the corpuscle from ever regaining its
threshold characteristics and its potential for mechanoreception. Researchers have
found regeneration of Meissner corpuscles to be successful and complete in mice
(Ide, 1982b) and monkeys (Wong and Kanagasuntheram, 1971) following median
nerve transection.
Murine Meissner corpuscles have been studied morphologically to gain
understanding of the sensory changes observed in diabetes (Ras and Nava, 1986).
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Diabetic axonal dwindling appears to extend to this mechanoreceptor causing
shrinkage of the neurites, decreased size of the corpuscles and a decrease in
corpuscular concentration. These findings were correlated with sensory deficits in
vibration and touch seen in diabetic patients. No studies have been found that
examine the regeneration of receptors under the hyperglycemic conditions of
diabetes to determine if delayed reinnervation effects receptor morphology.
Animal Model
No animal model to date fully represents all of the diabetic symptoms and
changes found in humans. Inducing diabetes by destruction of the islet cells with
alloxan or streptozotocin produces a model that is insulin deficient and is more
representative of type I (IDDM) diabetes. To study a model that mimics type II
(NIDDM) diabetes a genetic strain of mice is available that produce insulin but does
not utilize it.

This strain is the C57BL/ks (db/db) mouse from Jackson

Laboratories, which carries a diabetic mutation gene (db) on chromosome 4 that is
autosomal recessive. Increased plasma insulin concentrations are seen at ten days
of age in the homozygous (db/db) mouse that appears to peak around three months
of age (Coleman and Hummel, 1967). The first visual sign of their condition is rapid
weight gain, with large fat deposits in the axilla and groin, at 3-4 weeks of age.
Blood glucose concentrations can run as high as 300 mg/100 ml as they age.
Glycosuria, polydypsia, polyuria and polyphagia are symptoms that accompany their
elevated blood sugar levels (Mordes and Rossini, 1981).
In the pancreas, degranulation of the beta cells coincides with the early onset
of obesity, indicating increased insulin production (hyperinsulinemia). At 5-7 months
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of age, blood glucose concentrations spontaneously decline.

The late stage is

characterized by a near normal level of circulating insulin and a marked decrease
in glucose utilization but a high rate of gluconeogenesis. This is thought to suggest
a defect in the peripheral utilization of insulin rather than a defect in its
manufacture or release (Coleman and Hummel, 1967). Old diabetic mice show
degenerative changes in the islet of Langerhans and this strain is reported to have
a shortened life span with death occurring by 10 months of age (Herberg and
Coleman, 1977).
Neurophysiological and anatomical studies with these mice show axonal
changes occurring secondary to their hyperglycemic condition. Shrinkage and loss
of both myelinated and unmyelinated nerve fibers along with a severely impaired
nerve conduction velocity has been found by Robertson and Sima (1980). Neuronal
shrinkage and loss were found in distal mechanoreceptors (Ras and Nava, 1986).
It is felt that this diabetic model would be more appropriate for studying the
influence of hyperglycemia on regeneration of distal mechanoreceptors.
Purpose
Sensory deficits occur following nerve regeneration and secondary to the
hyperglycemia of diabetes.

Many studies have been directed toward better

understanding of the anatomical and physiological changes occurring in the axons
and their Schwann cells following regeneration and in diabetes. Studies of the
regeneration of distal sensory receptors have been done but no study addresses the
regeneration of sensory receptors during diabetes. It is not known whether the
delayed and incomplete axonal regeneration found in diabetes will affect receptor
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morphology.

This study was undertaken to determine if the reinnervation of

Meissner corpuscles, distal sensory receptors, regenerate fully during the
hyperglycemic conditions of diabetes.

MATERIALS AND METHODS

Animals
Sixty female homozygote mice of the inbred C57BL/ks (db/db) strain were
used as experimental animals (blood glucose range of 240-400 mg/dl). Sixty agematched, non-diabetic female littermates ( + /db) were used as controls (blood
glucose range of 130-150 mg/dl). All animals were from Jackson Laboratory, Bar
Harbor, Maine. Animals were maintained in groups of five to seven per cage at
24° C with a light 12-hr:dark 12-hr cycle. Shavings were changed biweekly. All
animals were fed a standardized diet (Rodent Laboratory Chow 5001, Ralston Purina
Co., St. Louis) and received water ad libitum.
Surgical Procedure
A median nerve crush was performed on the left forearm when they were
seven to nine weeks of age. The animals were weighed, anesthetized with Nembutal
(sodium pentobarbital, 50 mg/ml [3 /4 gr], at a rate of .002 mL/gm body weight, i.p.,
Abbott Labs., North Chicago) and prepared for surgery. The left forepaw was
shaved and an incision was made 3.5 cm proximal to the third toe. Using a Zeiss
surgical microscope, the median nerve was located and gently separated from the
surrounding tissue. The nerve was crushed over a 4 mm length for 30 seconds with
an ultra-light micro-rongeur (Fine Science Tools, Inc.) that had been cooled in liquid
nitrogen. The nerve was placed back into position and the wound sutured.
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Time Schedule
Animals were sacrificed in groups of 12 (6 db/db and 6 +/db) at the
following times post-crush: 3-5 days (to establish degeneration and surgical accuracy),
14, 20, 26, 30, 45, 60, 90 and 120 days.
Tissue Preparation for Analysis
The animals were anesthetized with urethane and sacrificed by perfusing
through the left heart with 10% unbuffered formalin. Both forepaws were removed
and stored in 10% formalin for at least one week. Toepads II and HI, which were
shown by earlier degeneration tests to be innervated exclusively by the median nerve,
were excised with a razor blade. 70 frozen sections of these toepads were cut
perpendicular to the skin surface and parallel to the long axis of the digit. Silver
impregnation was done according to the Winkelmann and Schmit method (1957) for
light microscopy study of the neurites. Sections representing a single digital pad
were mounted on one glass slide without preserving serial arrangement.
Qualitative and Quantitative Analysis
To quantitatively analyze alterations that followed denervation and
reinnervation of the corpuscles, the mounted sections were examined under the
light microscope in the order of their increasing post-crush time intervals.
Morphological aspects studied were: density and complexity of the corpuscles, neurite
caliber, neurite intraepidermal continuations and the corpuscles general size and
form.
Eight to twelve sections were studied for each time frame. The sections that
best typified the changes observed for that post-crush time frame were chosen. Low
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and high magnification photomicrographs of the sections were taken. These were
compared with the best, typical, non-crush section from the right forepaw of the
same mouse.
To quantitatively analyze the alterations that followed denervation and
reinnervation of the corpuscles, sections from the center of the digital pads with
good staining were selected for counts of the number of corpuscles per area
(MC/A), number of neurites per corpuscle (N/MC), number of neurite
intraepidermal continuations per area (NIC/A) and branching of the neurites before
or while entering the corpuscle (BR/A). The area of each section that was analyzed,
measured 0.28 mm in length by 70 thick. Counts were made from two sections
per digital pad and two pads per mouse. In several mice only one good section was
available. When that occurred, counts from one good section were taken from the
corresponding digit of the opposite paw.
Paired and independent t-tests were used to test for significance of differences
(p value) in the counts taken from the diabetic and non-diabetic groups. The
independent t-test was used to test for significance between diabetic and non-diabetic
groups. The paired t-test was used to test for significance between crush versus non
crush sections from the same mouse.

RESULTS

After a crush injury to the median nerve, sensory neurites degenerated in the
second and third toepads within three to five days. Regeneration was seen at 14
days post-crush. Neurite regeneration appeared to follow the "nerve sheaths" left by
the distal nerves that degenerated following the crush injury. The neurites advanced
into the Meissner corpuscle "sheath" left by the degenerated lamellar cells, and
reinnervated the receptors.
Meissner corpuscles show considerable variation in form, even within the
same toepad. From one to as many as ten neurites were seen innervating the
corpuscles. Some displayed the classic spiral morphology, while others had many
neurites joining together in a large arched pattern that were counted as one
Meissner corpuscle. This variability made specific analysis of changes difficult, but
some morphological characteristics did appear to occur.
Qualitative observations: non-diabetic mice
14 days post-crush: At 14 days post-crush, silver stained sections showed empty
areas where the neurites and corpuscles had degenerated. Only one or two thin,
sparse neurites per section were seen advancing in the empty "nerve sheaths" from
the underlying chorial plexus. The chorial plexus was sparsely populated with thin,
wispy nerves, showing regeneration was underway and had begun to reach the distal
toepads (Figs. la-d).
20 days post-crush:

Regenerating neurites were seen advancing in the "nerve

sheaths" and entering the corpuscular area in the dermal papillae. Two to five
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thin neurites were seen per section. Axons were increasing in the chorial plexus.
More neurite intraepidermal continuations were seen here than at any other post
crush time interval (Figs. 2a-d).
26 days post-crush: Neurites had increased further in distance and in numbers per
section. Several could be seen beginning to twist and turn within the previously
denervated corpuscular area.

A few displayed two neurites joining to form a

corpuscle. Neurite appearance was still thinner than normal (Figs. 3a-d).
30 days post-crush: Regenerating neurites were observed spiraling tightly within the
corpuscles, developing a more characteristic appearance. Several NIC’s were seen
extending toward the epithelial layer. Corpuscle density was increased but was still
less than the density of the non-crush sections. Neurite caliber was attenuated but
increased from those of the previous time frame (Figs. 4a-d).
45 days post-crush: Neurite density and caliber was beginning to approach that of
the non-crush controls. Some of the corpuscles were nearing a mature morphology
but most were still of smaller diameter with a wispy, less complex look (Figs. 5a-d).
60 days post-crush: Neurite caliber was nearly as thick as the non-crush controls.
More complexity was seen, with the neurites twisting and spiraling within the
reinnervated corpuscle. As few as one and as many as six neurites were seen
innervating the corpuscles. NIC’s were present in moderate amounts (Figs. 6a-d).
90 days post-crush:

Regenerated neurites appeared to be as well developed

morphologically as those in the corpuscles of the non-crush controls. Corpuscular
density and number of neurites innervating each corpuscle was comparable to that
of the non-crush side. Neurite caliber had advanced to a characteristic diameter.
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Under the light microscope, regeneration appeared to be complete at 3 months postcrush (Figs. 7a-d).
120 davs post-crush:

Regeneration appeared complete with representative

corpuscular neurites advanced high in the dermal papillae. Post-crush sections
showed comparable thickness and density as that of the non-crush sections.
Corpuscles showed typical patterns of variation. One to eight neurites were found
to innervate the regenerated corpuscles (Figs. 8a-d).
Qualitative observations: diabetic mice
14 days post-crush: At fourteen days post-crush, toepad sections were mostly devoid
of neurites. Few sections showed even a solitary neurite in the field. Neurites that
had appeared were thin and sparse (Figs. 9a-d).
20 days post-crush: Few neurites had regenerated into the dermal papillary area.
Many empty "nerve sheaths" were still evident. The few neurites that had advanced
to the corpuscular area were extremely fine and had not begun to form corpuscles.
Regeneration lagged behind the rate seen in the non-diabetic mice (Figs. lOa-d).
26 days post-crush: Neurites were seen with increasing frequency in some sections
but many sections still showed little regeneration. Some neurites had reached the
dermal papillae and were beginning to spiral and twist. NIC’s were seen more
frequently at this time frame and many regenerating corpuscles displayed them in
pairs (Figs, lla-d).
30 days post-crush: Neurites were seen regenerating from the chorial plexus into the
dermal papillae and were continuing to reform corpuscles.

These reforming

corpuscles were not as morphologically advanced as the age-matched non-diabetic
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corpuscles (Figs. 12a-d).
45 days post-crush: Corpuscle density had increased but corpuscular morphology was
still immature and non-complex. Neurite caliber appeared to be increased but was
thinner than the non-crush controls. NIC’s had decreased in frequency and were
rarely seen (Figs. 13a-d).
60 days post-crush: Corpuscle density was beginning to approach that of the diabetic
controls. Neurites had continued to spiral within the papillary region and were
reforming typical appearing corpuscles. As few as one and as many as six neurites
were found innervating the corpuscles but overall neurite diameter appeared thinner
(Figs. 14a-d).
90 days post-crush:

Regenerated neurites did not appear as well developed

morphologically as those of the non-crush controls. Corpuscular density lagged
behind controls (Figs. 15a-d).
120 days post-crush: Neurites had reformed into corpuscles but these corpuscles did
not appear as well-developed morphologically as those of the non-crush controls,
and neurite caliber did not appear as thick. Sections from the regenerated side
showed neurites that have a thinner, less complex appearance (Figs. 16a-d).
Summary
Qualitative evaluation of photomicrographs from non-crush and post-crush
digits of the same mouse showed observable differences between the non-diabetic
and diabetic animals. The control, non-diabetic animals showed nearly normal
morphology by 45-60 days post-crush and by 90-120 days post-crush the corpuscles
and neurites were as dense and well-developed in appearance as those of the non-
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crush control side.

Neurite caliber and corpuscular size appeared to be fully

regenerated. No observable differences were found in the frequency of branching
or NIC’s. In comparison, photomicrographs from non-crush and post-crush diabetic
animals showed delayed regeneration and a lack of complete return to full
morphology at 120 days post-crush. A general trend of smaller corpuscle size and
neurite caliber, as well as a less complex corpuscular morphology was observed in
this diabetic post-crush group.
Quantitative Analysis
Figures 17-28 show graphs comparing the number of Meissner corpuscles per
area, number of neurites per corpuscle, number of NIC per corpuscle and amount
of branching per corpuscle of both non-diabetic and diabetic animals. Figures 1719 compare the number of Meissner corpuscles per area of non-crush and post-crush
digits, Figures 20-22 compare the number of neurites per corpuscle of non-crush and
post-crush animals, Figures 23-25 compare the number of NIC’s per corpuscle of
non-crush and post-crush digits and Figures 26-28 compare the amount of branching
found in non-crush and post-crush corpuscles. All graphs use data that can be found
in Tables 1-13.
Corpuscle concentration: In the non-diabetic animals, the post-crush number of
Meissner corpuscles was higher at 30 days then in the non-crush control animals.
This number diminished from the 30 day peak, was less at 45 days, then leveled off
at 90-120 days post-crush with no significant difference between the two sides (Fig.
17).
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The diabetic animals showed a slower rise in corpuscle numbers post-crush
and a significantly larger number than the non-crush side was never seen. At 60, 90
and 120 days the concentration of corpuscles was no longer significantly different
(Fig. 18). When comparing non-diabetic and diabetic post-crush digits, the diabetic
animals showed a significant delay in regeneration of corpuscular density (Fig. 19).
Non-diabetic animals displayed a peak number of corpuscles at 26 days and a typical
density by 45 days post-crush whereas the diabetic animals did not display a
significant peak effect and were not returned to typical density until 60 days post
crush.
Innervation: In the non-diabetic animals, the number of neurites reinnervating the
corpuscles increased steadily until 26 days post-crush, diminished at 45 days, then
rose and leveled at a typical density by 60 days. From 60-120 days post-crush, the
average number of neurites per Meissner corpuscle on both non-crush and post
crush sides were observed, with a typical density seen at 45 days post-crush. Typical
density continues until 90 days then diminishes slightly at 120 days and gives a low
figure of insignificance (Fig. 21). Comparison of non-diabetic post-crush to diabetic
post-crush digits (Fig. 22) showed a significant difference in number of neurites per
Meissner corpuscle until 45 days and again at 120 days post-crush (p = .008).
Neurite intraepidermal continuations: Graphs of numbers of NIC’s per corpuscle
showed much variability in both non-diabetic and diabetic animals. Both groups
showed higher numbers that fluctuate at the earlier time frames and diminished in
number at 90 and 120 days. In the non-diabetic, non-crush digits the number was
at its peak during the 14 day time frame, diminished rapidly to a low number at 26
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days, rose and peaked again at 30 days then steadily diminished until 45 days and
began to level off (Fig. 23). In the non-diabetic, post-crush digits this number
steadily rose from a 14 day low, when little regeneration had reached the corpuscular
level, peaked in number at 26 days post-crush, then steadily diminished until 90 days
and leveled off (Fig. 24). Comparison of the non-diabetic, post-crush and diabetic
post-crush digits showed the diabetic digits lagging behind in total numbers but both
displayed large numbers of NIC’s at 26 and 30 days post-crush then diminished in
number by 90-120 days when no significant difference between them was seen (Fig.
25).
Branching: Branching also displayed larger variability at the earlier time frames in
both groups, then leveled off to lower amount by 90-120 days. The non-diabetic,
post-crush digits showed a steadily rising amount of corpuscular branching that
peaked at 30 days post-crush then rapidly diminished to a low amount by 45 days
and remained low. In comparison the non-diabetic, non-crush digits showed a peak
amount of branching at 20 days that diminished by 30 days and fluctuated slightly
until reaching its lowest amount at 120 days. Branching was greater in these control
digits at all time frames (Fig. 26). Diabetic, post-crush digits also showed peak
branching at 30 days, that diminished by 60 days and leveled off. In comparison,
diabetic, non-crush digits showed peak branching at 14 days with a fluctuating but
steadily declining amount that leveled off at 90-120 days (Fig. 27). Comparing the
non-diabetic, post-crush digits to the diabetic, post-crush revealed both groups
showing a larger amount of branching in the 26-30 day time frame that diminished
and leveled to a low point by 60-120 days (Fig. 28). No significant difference in the
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amount of branching was seen between the two groups.
Quantitative Summary:
Diabetic animals showed a significant delay in regeneration of corpuscular
density of at least 15 days when compared to non-diabetic animals. Non-diabetic
animals showed a peak number of corpuscles at 30 days which diminished by 90120 days, a pattern not seen in the diabetic animals. The number of neurites
reinnervating the corpuscles also lagged behind in the diabetic animals with a high
level of significant delay still apparent at 120 days post-crush. All groups displayed
more neurite intraepidermal continuations at the earlier time frames which
diminished to a low level by the later time periods. Diabetic animals lagged behind
in this effect by 6-7 days and in total number of NIC’s seen. Branching was seen in
the amount of branching between non-diabetic and diabetic post-crush animals.

DISCUSSION

In this study the major findings were a delayed and incomplete reinnervation
of Meissner corpuscles, mechanoreceptors in the toepads of diabetic mice. Neurites
showed persistent dwindling and a 15-day delay in reestablishing innervation. Full
morphological maturity was not returned by 120 days post-crush. In contrast, the
non-diabetic animals displayed mature, typical corpuscular morphology and a typical
innervation pattern by 90 days post-crush.
Structural restitution of Meissner corpuscles in non-diabetic animals has been
found by other researchers at varying times after a nerve injury. Ide (1982c) found
them to be fully regenerated in mice by 120 days following median nerve transection,
while Wong and Kanagasuntheram (1971) did not find full corpuscle regeneration
in macaques until 280 days after a median nerve crush. These time variations could
be due to species differences, type of nerve injury or the distance across which the
axons must regenerate. No significant species difference has been found in the
average rate of nerve regeneration (Alberts et al., 1983) therefore the shorter
distance of regeneration required in a small animal, such as a mouse, would
contribute to a quicker return of neurites to the digital corpuscles.
Transection of a nerve causes more disruption than a crush injury. Following
crush injuries the basal lamina tubes of the endoneurium and perineurium are left
intact to serve as pathways for guidance and maintenance of the regenerating axons
(Ide et al., 1983) which allows for quicker reinnervation of the sensory end-organs.
These tubes have been shown to extend to Meissner corpuscles, where they are
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continuous with the basal laminae of the lamellar cells (Ide, 1986). These lamellar
cells are thought to be responsible for the maturation and maintenance of the
corpuscular neurites (Ide, 1986). If sprouts regenerating from the proximal end of
a transected nerve do not find their way into the basal lamina tubes (nerve sheaths)
of the distal segment, misrouting of the axons can occur (Mackel et al., 1983) and
a longer time for regeneration of the end-organ may be required.
If the structure of a sensory receptor is significantly altered it seems
reasonable to expect that function would also be altered.

The morphological

differences seen in the diabetic corpuscles of this study imply that the sensations of
low-frequency vibration, light touch and two-point discrimination they perceive could
be significantly impaired. Decreased sensations in the feet of diabetic subjects have
caused them to complain that the "floor feels strange" or they feel they are "walking
on cotton". Some cannot discriminate coins with their eyes closed, turn pages of a
book or button a shirt properly due to diminished sensory input from their hands
(Greene et al., 1988). Loss of sensory input from the soles of the feet can lead to
excessive pressure points that the diabetic is not aware of, which eventually break
down and invariably get infected. This has proven to be a major problem in
diabetes and leads to amputation or death if not closely controlled (Greene et al.,
1988).
Different mechanisms relating to the reaction of the diabetic nerve to trauma
may be involved in this lack of full corpuscular restitution,

One of these

mechanisms, retrograde axonal transport, has been shown to be delayed in diabetes
(Sidenius and Jakobsen, 1985). Retrograde axonal transport is thought to return
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substances to the nerve cell body in amounts that signal chromatolysis and
regeneration (Ochs, 1981). A delay of this signalling mechanism could retard the
commencement of regeneration.

A different explanation is proposed by Bisby

(1980). He found that nerves from diabetic rats were more severely damaged and
swollen following crush injuries and speculated that an increased susceptibility to
damage may account for their delay in starting regeneration.
The hyperglycemia of diabetes has been shown to diminish the amount of
structural protein components synthesized in the nerve cell body (Chihara et al.,
1982; Sidenius and Jakobsen, 1985) as well as delay their rate of anterograde
transport (Sidenius and Jakobsen, 1985). Several researchers have found a delay in
the slow axonal transport (SCa) of neurofilaments and microtubules, structural
proteins that are essential for skeletal outgrowth of the axon, in diabetes (Sidenius
and Jakobsen, 1980; Sidenius, 1982; Vitatello et al., 1983). A decrease in availability
of structural proteins could account for the delayed reinnervation of diabetic
corpuscles found in this project.
Whether due to decreased synthesis or delivery, the decreased amount of
neurofilaments and microtubules in the axon causes dwindling in diabetic nerves
(Sidenius and Jakobsen, 1985) and has been shown to extend to Meissner corpuscles,
causing a decrease in corpuscular size (Ras and Nava, 1986). Neurites in the non
crush, diabetic corpuscles of this study were noted to have a thinner caliber than the
controls. Increased attenuation was seen following regeneration of these diabetic
neurites. This diminished axonal caliber has been linked to the decreased nerve
conduction velocity which characterizes most sensory and motor nerves in diabetic
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neuropathy. Though this abnormality can be a clinically useful sign for setting
minimal criteria in the diagnosis of neuropathy, its significance for establishing a
neuropathic prognosis is not known (Dyck et al., 1985).
A trend seen in the non-diabetic animals that was not seen in the diabetics
was a hyper-regeneration tendency at 30 days after the nerve injury.

Hyper-

regeneration of cutaneous nerves has been seen in human epidermal and subdermal
regions during the early stages of would healing (Mihara, 1984) and distal to a crush
injury axonal amounts have been found to be significantly increased in early
regeneration, which later returns to a more typical number (Bray and Aquarro,
1974). Multiple innervation of cutaneous mechanoreceptors has been observed in
baboons during the early stages of reinnervation (Terzis and Dykes, 1980) following
nerve transection and their disappearance during the maturation process may be due
to coalescing and fusion of individual sprouts (Terzis and Dykes, 1980) or to
neuronal retraction (Cajal, 1968).

Hyperregeneration and retraction may be a

possible explanation for the larger amount of corpuscles seen in early regeneration
that diminished to a more typical number during the maturation process in the non
diabetic animals. Corpuscle count in this study represents corpuscular areas where
at least one neurite is seen well advanced into it. Retraction could well occur at this
stage (Ochs, 1981). The diabetic animals did not show hyperregeneration and may
not have been able to generate enough components for such an effect.
A similar effect may also account for the early peaks in NIC’s, but much
fluctuation was seen in all groups during early time frames, indicating this effect
would not be due to regeneration alone.

Perhaps NIC’s serve an exploratory
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function in the maturation and differentiation of the corpuscles. Aging studies of
Meissner corpuscles, done on both non-diabetic and diabetic mice, have shown a
significantly larger number of NIC’s in the young age group (2.5-6 months old) that
decreased with age until almost none were seen in the older aged animals
(Mathewson and Nava, 1985; Ras and Nava, 1986). All animals in this study fell
within their younger age group category. NIC’s may have a function during early
maturation as their presence parallels the period when there is an increase in
corpuscular complexity and neurite caliber.
Branching of the neurites just before or while entering the corpuscle was
counted to see if this was increased following a crush injury. Branching has been
shown to occur at the site of injury (Mihara, 1984; Bray and Aquaro, 1974) but is
not restricted to that site and it has been proposed that regenerating axons branch
while searching for a target (Toft et al., 1988). The amount of branching was
greater and fluctuated more during the early time periods in all groups of mice, then
diminished significantly. Possibly this type of branching has a function during early
maturation or retraction has again occurred.
Summary and Conclusions:
Delayed reinnervation, axonal dwindling and decreased corpuscular complexity
were found in digital pads II and III of genetically diabetic mice following a
cryocrush lesion to the median nerve. These findings were correlated with defective
axonal mechanisms found in diabetic nerves by other researchers and the following
sequence of events is proposed:

The hyperglycemic condition causes delayed

retrograde transport of signal substances which retards the commencement of
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regeneration and production of structural proteins in the nerve cell body, secondarily
causing a delay in delivery of structural proteins to the axon by slow axonal transport
(SCa), resulting in a delayed rate of reinnervation, axonal dwindling and incomplete
morphological maturity of the corpuscles. This delayed and incomplete corpuscular
reinnervation could compound the decreased perception of sensations that usually
occurs in diabetes.
Evidence suggests that strict control of blood glucose following the onset of
diabetes may help retard the development of clinically significant nerve impairment
(Greene et al., 1988).

Strict control may also lead to improved regeneration

following nerve injury. Future studies could include normalization of serum glucose
by use of exogenous insulin therapy to promote full corpuscular regeneration in the
diabetic mice, sub-cellular examination of regenerated diabetic corpuscles and
studies of regeneration at older time frames to determine if aging changes are seen
earlier in regenerated corpuscles.
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TABLES 1 & 2
Grand means and significance comparing non-db, non-crush with non-db, post-crush
sections for counts of number of Meissner corpuscles per area, number of neurites
per corpuscle, number of NIC’s per corpuscle, and branching per corpuscle. Data
obtained from paired t-test calculations.

35
TABLE 1

Meissner Corpuscles/Area
Days

non-db

non-db

NIC’s/Corpuscle

P

crush

non-db

non-db

P

crush

14d

6.50

1.67

0.001

0.44

0.04

0.011

20d

5.75

3.45

0.093

0.25

0.26

0.971

26d

5.71

6.80

0.437

0.09

0.34

0.164

30d

5.52

7.40

0.018

0.32

0.23

0.098

45d

6.58

6.75

0.822

0.13

0.27

0.093

60d

6.67

5.92

0.151

0.04

0.26

0.179

90d

6.90

7.10

0.845

0.07

0.01

0.091

120d

6.70

6.90

0.811

0.14

0.04

0.280

TABLE 2

NEU/Meissner Corpuscle
Days

non-db

non-db

crush

Branching/Corpuscle

P

non-db

non-db

crush

P

14d

3.07

1.05

0.009

0.39

0.01

0.014

20d

2.59

2.09

0.439

0.56

0.07

0.008

26d

2.58

2.67

0.758

0.35

0.09

0.043

30d

2.55

2.68

0.755

0.14

0.12

0.808

45d

2.72

2.18

0.079

0.21

0.01

0.001

60d

2.79

2.83

0.883

0.19

0.01

0.047

90d

2.74

2.58

0.545

0.22

0.04

0.274

120d

2.66

2.71

0.841

0.08

0.03

0.380

d = days
NEU = neurites
NIC’s = neurite intraepidcrmal continuations
non-db crush = non-diabetic:post-crush sections
p = p value
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TABLES 3 & 4
Grand means and significance comparing diabetic non-crush with diabetic post-crush
sections for counts of number of Meissner corpuscles per area, number of neurites
per corpuscle, number of NIC’s per corpuscle, and branching per corpuscle, using
data from paired t-tests.
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TABLE 3
Meissner Corpuscles/Area
Days

db

db crush

NIC’s/Corpuscie
P

db

db crush

P

14d

5.81

0.19

0.000

0.09

0.00

0.165

20d

6.01

0.88

0.004

0.16

0.02

0.015

26d

6.44

4.44

00.124

0.10

0.24

0.475

30d

5.90

3.60

0.045

0.15

0.19

0.748

45d

6.00

4.88

0.098

0.13

0.01

0.246

60d

5.60

6.10

0.537

0.02

0.09

0.093

90d

6.60

6.00

0.438

0.01

0.01

1.000

120d

7.58

6.33

0.161

0.04

0.04

0.873

TABLE 4
NEU/Meissner Corpuscle
Days

db

db crush

Branching/Corpuscle
P

db

db crush

P

14d

2.60

0.19

0.003

0.18

0.00

0.184

20d

2.23

0.58

0.025

0.18

0.03

0.071

26d

2.54

2.02

0.061

0.09

0.01

0.145

30d

2.39

1.94

0.213

0.16

0.20

0.705

45d

2.70

2.34

0.376

0.06

0.08

0.708

60d

2.48

2.29

0.453

0.08

0.03

0.599

90d

2.39

2.70

0.362

0.03

0.02

0.313

120d

2.80

2.25

0.080

0.05

0.02

0.502

d = days
db = diabetic mice:non-crush sections
db crush = diabetic mice:post-crush sections
NEU = neurites
NIC’s = neurite intraepidermal continuations
p = p value
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TABLES 5 & 6
Grand means and significance comparing non-db, post-crush sections with diabetic
post-crush sections for counts of Meissner corpuscles per area, number of neurites
per corpuscle, number of NIC’s per corpuscle, and branching per corpuscle, using
data from independent t-test calculations.
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TABLE 5

Meissner Corpuscles/Area
Days

non-db

NIC’s/CorpuscIe

db

non-db
crush

crush

0.046

0.04

0.00

0.346

0.88

0.053

0.26

0.02

0.159

6.80

4.44

0.135

0.34

0.24

0.667

30d

7.40

3.60

0.004

0.23

0.19

0.705

45d

6.75

4.88

0.009

0.27

0.01

0.031

60d

5.92

6.10

0.715

0.26

0.09

0.247

90d

7.10

6.00

0.217

0.01

0.01

0.822

120d

6.90

6.33

0.454

0.04

0.04

0.958

crush

crush

14d

1.67

0.19

20d

3.45

26d

P

db

P

TABLE 6

NEU/Meissner Corpuscle

Days

non-db

Branching/Corpuscle

db

crush

crush

14d

1.05

0.19

20d

2.09

26d

P

non-db

db

P

crush

crush

0.051

0.01

0.00

0.346

0.58

0.060

0.07

0.03

0.539

2.67

2.02

0.070

0.09

0.01

0.135

30d

2.68

1.94

0.011

0.12

0.20

0.356

45d

2.18

2.34

0.556

0.01

0.08

0.272

60d

2.83

2.29

0.058

0.01

0.03

0.257

90d

2.58

2.70

0.715

0.04

0.02

0.496

120d

2.71

2.25

0.008

0.03

0.02

0.782

d = days
db crush = diabetic mice:post-crush sections
NEU = neurites
NIC’s = neurite intraepidermal continuations
non-db crush = non-diabetic:non-crush sections
p = p value
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TABLE 7
Grand means and significance of total section counts, comparing non-diabetic and
diabetic mice for counts of Meissner corpuscles per area, number of neurites per
corpuscle, number of neurite intraepidermal continuations per corpuscle, and
branching per corpuscle.
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TABLE 7

Non-Crush

Post-Crush

non-db db
n = 43 n = 37

P

non-db db
n=43 n=37

P

Corp/Area

6.31

6.30

0.958

5.68

4.27

0.011

NEU/Corp

2.72

2.54

0.063

2.33

1.85

0.017

NIC’s/Corp

0.19

0.08

0.002

0.18

0.08

0.016

Br/Corp

0.27

0.10

0.000

0.04

0.05

0.769

Br = branching
Corp = corpuscle
db = diabetic sections
n = number in sample
NEU = neurites
NIC’s = neurite intraepidermal continuations
non-db = non-diabetic sections
p = p value
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TABLE 8
Summary of Findings.
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APPENDIX B

Figures
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FIGURES la-d
Figs. la-d.
Photomicrographs of silver-impregnated digital pad sections,
approximately 70 microns thick, from a non-diabetic mouse, 9 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, non-crush
side. Left digits are the nerve crushed, regenerating side.
Fig. la. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 9 week old age group, which averaged 6.5 corpuscles
per area and 3.1 neurites per corpuscle. x225
Fig. lb. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse, showing caliber of the neurites and characteristic complexity. In this
plane of focus, two neurites are seen innervating the corpuscle. x450
Fig. 1c. 14 Days Post-Crush: Section from the left third digit taken 14 days post
crush, showing the effect of a median nerve crush on the sensory endings. Nerve
supply to the corpuscles has degenerated and empty "nerve sheaths" are seen with
a few solitary thin neurites regenerating upward in them. x225
Fig. Id. 14 Days Post-Crush: Higher magnification of a solitary neurite that has
advanced upward to the papillary area. Neurite caliber is thin, and spiraling is just
beginning. x450

46

47

FIGURES 2a-d
Figs. 2a-d.
Photomicrographs of silver-impregnated digital pad sections,
approximately 70 microns thick, from a non-diabetic mouse, 10 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, non-crush
side. Left digits are the crushed, regenerating side.
Fig. 2a. Section showing density and caliber of neurites found in the right third digit.
Density is typical of the 10 week old age group, which averaged 5.7 corpuscles per
area and 2.6 neurites per corpuscle. x225
Fig. 2b. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse. Three neurites innervate this corpuscle. x450
Fig. 2c. 20 Days Post-Crush: Section from the left third digit taken 20 days post
crush. A few regenerating neurites are seen. Some have reached the dermal
papillary area and are beginning to branch and spiral. Neurite caliber is very thin.
x225
Fig. 2d. 20 Days Post-Crush: Higher magnification of a neurite beginning to twist
and turn in the dermal papillary area. x450
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FIGURES 3a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 3a-d.
approximately 70 microns thick, from a non-diabetic mouse, 11 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, non-crush
side. Left digits are the nerve crushed, regenerating side.
Fig. 3a. Section showing density and caliber of neurites found in the right third digit.
Density is typical of the 11 week old age group, which averaged 5.7 corpuscles per
area and 2.6 neurites per corpuscle. x225
Fig. 3b. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse. Two neurites are seen in this plane of focus, spiraling together in a
wide, yet compact pattern to form one corpuscle. x450
Fig. 3c. 26 Days Post-Crush: Section from the left second digit taken 26 days post
crush. Neurites have increased in number per section and in the number that have
reached the dermal papillary area. Neurite caliber is increasing. Several NIC’s are
seen in this section (arrowheads). x225
Fig. 3d. 26 Days Post-Crush: Higher magnification of two neurites coming together
to begin formation of a corpuscle. Arrowhead points to a NIC. x450
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FIGURES 4a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 4a-d.
approximately 70 microns thick, from a non-diabetic mouse, 11.5 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, non-crush
side. Left digits are the nerve crushed, regenerating side.
Fig. 4a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 11.5 week old age group, which averaged 5.5
corpuscles per area and 2.5 neurites per corpuscle (arrow points to a branch point).
x225
Fig. 4b. Higher magnification of a non-regenerated Meissner corpuscle. Two
neurites joined further down, causing the nerve supply to this corpuscle to look
thicker than normal. x450
Fig. 4c. 30 Days Post-Crush: Section from the left third digit taken 30 days post
crush. Neurite caliber has continued to increase, and spiraling within the corpuscle
area is becoming more complex. x225
Fig. 4d. 30 Days Post-Crush: Higher magnification of a regenerating Meissner
corpuscle showing increased complexity. A double NIC can be seen extending
toward the epithelial surface (arrowheads). x450
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FIGURES 5a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 5a-d.
approximately 70 microns thick, from a non-diabetic mouse, 13 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, non-crush
side. Left digits are the nerve crushed, regenerating side.
Fig. 5a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 13 week old age group, which averaged 6.6 corpuscles
per area and 2.7 neurites per corpuscle. x225
Fig. 5b. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse. Six neurites have joined together in a large arch to form this
corpuscle. This type of pattern is frequently seen. x450
Fig. 5c. 45 Days Post-Crush: Neurite density and caliber is approaching the density
and caliber of the non-crush side, but morphology of the corpuscles is still less
complex. No empty "nerve sheaths" are seen. x225
Fig. 5d. 45 Days Post-Crush: Higher magnification showing five neurites joining
together to form a corpuscle. The fifth neurite is almost out of the plane of focus
(arrowhead). x450
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FIGURES 6a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 6a-d.
approximately 70 microns thick, from a non-diabetic mouse, 15 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, non-crush
side. Left digits are the nerve crushed, regenerating side.
Fig. 6a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 15 week old age group, which averaged 6.7 corpuscles
per area and 2.8 neurites per corpuscle. x225
Fig. 6b. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse. Several neurites have spiraled together in a fan-like fashion. x450
Fig. 6c. 60 Davs Post-Crush: Section from the left third digit taken 60 days postcrush. Neurite caliber has increased but corpuscle and neurite density shows no
increase from the 45 day group. x225
Fig. 6d. 60 Days Post-Crush: Higher magnification showing tight spiraling of a
single neurite to form a corpuscle. x450
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FIGURES 7a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 7a-d.
approximately 70 microns thick, from a non-diabetic mouse, 19 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, non-crush
side. Left digits are the nerve crushed, regenerating side.
Fig. 7a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 19 week old age group, which averaged 6.7 corpuscles
per area and 2.7 neurites per corpuscle. x225
Fig. 7b. Higher magnification showing complexity of a non-regenerated Meissner
corpuscle. x450
Fig. 7c. 90 Days Post-Crush: Section from the left third digit taken 90 days post
crush. Regenerated neurites appear as well developed morphologically as those of
the corpuscles in the non-crush forepaw. Neurite density and caliber is similar on
both sides. x225
Fig. 7d. 90 Days Post-Crush: Higher magnification of a regenerated corpuscle 90
days post-crush. Neurite caliber and complexity is comparable to corpuscles from
the non-crush side. x450
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FIGURES 8a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 8a-d.
approximately 70 microns thick, from a non-diabetic mouse, 23 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, regenerated
side. Left digits are the nerve crushed, regenerating side.
Fig. 8a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 23 week old age group, which averaged 6.7 corpuscles
per area and 2.7 neurites per corpuscle. x225
Fig. 8b. Higher magnification showing a typical pattern of complexity. x450
Fig. 8c. 120 Days Post-Crush: Section taken from the left third digit with welldeveloped, normal appearing corpuscular neurites seen high in the dermal papillae.
Density and caliber of the neurites is comparable to those of the non-crush forepaw.
Corpuscles show similar patterns of variation as those of the non-crush side. x225
Fig.. 8d. 120 Days Post-Crush: Higher magnification of a 120 day post-crush
Meissner corpuscle. This corpuscle appears fully regenerated. x450
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FIGURES 9a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 9a-d.
approximately 70 microns thick, from a diabetic mouse, 9 weeks old. Sections were
cut perpendicular to the skin surface. Right digits are the control, non-crush side.
Left digits are the nerve crushed, regenerating side.
Fig. 9a. Section showing density and caliber of the neurites found in the right third
digit. Density of this section is somewhat less than that of the 9 week old diabetic
age group, which averaged 5.8 corpuscles per area and 2.6 neurites per corpuscle.
x225
Fig. 9b. Higher magnification of a non-regenerated diabetic Meissner corpuscle
from the same mouse showing characteristic complexity. x450
Fig. 9c. 14 Days Post-Crush: Section from the left third digit taken 14 days post
crush shows effect of the median nerve crush on the sensory endings. Nerve supply
to the corpuscles has degenerated and empty "nerve sheaths" are seen with a solitary
thin neurite regenerating upward in them (arrowhead). x225
Fig. 9d. 14 Days Post-Crush: Higher magnification of a solitary neurite that has
advanced upward toward the dermal papillary area (arrowhead). The neurite is very
thin and just beginning to spiral. x450
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FIGURES lOa-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. lOa-d.
approximately 70 microns thick, from a diabetic mouse, 10 weeks old. Sections were
cut perpendicular to the skin surface. Right digits are the control, non-crush side.
Left digits are the nerve crushed, regenerating side.
Fig. 10a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 10 week old diabetic group, which averaged 6.0
corpuscles per area and 2.2 neurites per corpuscle. Density of the neurites is less
than those of the non-diabetic group. x225
Fig. 10b. Higher magnification of a non-regenerated diabetic Meissner corpuscle
from the same mouse. Caliber and complexity of the corpuscle is less than those of
the non-diabetic group. x450
Fig. 10c. 20 Days Post-Crush: Section from the left third digit taken 20 days post
crush. Several neurites have advanced in the nerve sheath (arrowheads). The
neurites are thin and fine. x225
Fig. lOd. 20 Days Post-Crush: Higher magnification of a very thin neurite in the
dermal papillae that has a fine NIC extending toward the epidermis (arrowhead).
x450
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FIGURES lla-d
Photomicrographs of silver-impregnated digital pad sections,
Figs, lla-d.
approximately 70 microns thick, from a diabetic mouse, 11 weeks old. Sections were
cut perpendicular to the skin surface. Right digits are the control, non-crush side.
Left digits are the nerve crushed, regenerating side.
Fig. 11a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 11 week old diabetic group, which averages 6.4
corpuscles per area and 2.5 neurites per corpuscle. x225
Fig. lib. Higher magnification of a non-regenerated, diabetic Meissner corpuscle
from the same mouse, showing a compact spiraling pattern seen in both diabetic and
non-diabetic sections. x450
Fig. 11c. 26 Days Post-Crush: Section from the left third digit taken 26 days post
crush. Several neurites have regenerated into the dermal papillary region
(arrowheads). Empty nerve sheaths are still seen occasionally. x225
Fig. lid. 26 Days Post-Crush: Higher magnification showing a neurite with two
NIC’s (arrowhead). Many fine NIC’s are seen in the sections from this time frame.
x450
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FIGURES 12a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 12a-d.
approximately 70 microns thick, from a diabetic mouse, 11.5 weeks old. Sections
were cut perpendicular to the skin surface. Right digits are the control, non-crush
side. Left digits are the nerve crushed, regenerating side.
Fig. 12a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 11.5 week old diabetic group, which averaged 9.5
corpuscles per area and 2.4 neurites per corpuscle. Caliber of the neurites appears
less than those of the non-diabetic group. x225
Fig. 12b. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse. Two neurites are seen in this plane of focus, joining together in a
broad pattern to form one corpuscle. x450
Fig. 12c. 30 Days Post-Crush: Section from the left third digit taken 30 days post
crush. Neurite density lags behind the density of the control sections. A few
isolated neurites have found their way to the corpuscular area and have begun to
spiral (arrowhead). x225
Fig. 12d. 30 Days Post-Crush: Higher magnification of two regenerating neurites
joining in the dermal papillary area to begin forming a corpuscle. x450
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FIGURES 13a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 13a-d.
approximately 70 microns thick, from a diabetic mouse, 13 weeks old. Sections were
cut perpendicular to the skin surface. Right digits are the control, non-crush side.
Left digits are the nerve crushed, regenerating side.
Fig. 13a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 13 week old diabetic group, which averaged 6.0
corpuscles per area and 2.5 neurites per corpuscle. Density and caliber of the
neurites appears less than those of the non-diabetic group. x225
Fig. 13b. Higher magnification of a non-regenerated, diabetic Meissner corpuscle
form the same mouse. x450
Fig. 13c. 45 Days Post-Crush: Section from the left third digit taken 45 days post
crush. Neurites continue to appear thin and sparse. Density is moderately increased
over that of 30 days post-crush, but is lagging behind that of the 30 day non-diabetic
controls. x225
Fig. 13d. 45 Days Post-Crush: Higher magnification of a tangle of thin neurites
coming together in a loose corpuscular formation. x450
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FIGURES 14a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 14a-d.
approximately 70 microns thick, from a diabetic mouse, 15 weeks old. Sections were
cut perpendicular to the skin surface. Right digits are the control, non-crush side.
Left digits are the nerve crushed, regenerating side.
Fig. 14a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 15 week old diabetic group, which averaged 5.6
corpuscles per area and 2.5 neurites per corpuscle. x225
Fig. 14b. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse showing six neurites intertwining in a wide pattern to form one
corpuscle. x450
Fig. 14c. 60 Days Post-Crush: Section from the left third digit taken 60 days post
crush. Corpuscle density has begun to approach that of the non-crush side. Neurite
caliber is still lagging behind. x225
Fig. 14d. 60 Days Post-Crush: Higher magnification of a regenerating corpuscle
showing increasing complexity of the corpuscle. Note the thinner neurite caliber.
x450
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FIGURES 15a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 15a-d.
approximately 70 microns thick, from a diabetic mouse, 19 weeks old. Sections were
cut perpendicular to the skin surface. Right digits are the control, non-crush side.
Left digits are the nerve crushed, regenerating side.
Fig. 15a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 19 week old diabetic group, which averaged 6.6
corpuscles per area and 2.4 neurites per corpuscle. Density and caliber of the
neurites is less than those of the non-diabetic group. x225
Fig. 15b. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse showing four neurites forming a single corpuscle. x450
Fig. 15c. 90 Days Post-Crush: Section from the left third digit taken 90 days post
crush. Regenerated corpuscles do not appear as well developed morphologically as
those of the corpuscles in the non-crush forepaw. Neurite caliber is approaching that
of the non-crush sections. x225
Fig. 15d. 90 Days Post-Crush: Higher magnification of a regenerated corpuscle 90
days post-crush. Neurite caliber and corpuscle complexity has not reached that of
the non-crush sections. x450
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FIGURES 16a-d
Photomicrographs of silver-impregnated digital pad sections,
Figs. 16a-d.
approximately 70 microns thick, from a diabetic mouse, 23 weeks old. Sections were
cut perpendicular to the skin surface. Right digits are the control, non-crush side,
left digits are the nerve crushed, regenerating side.
Fig. 16a. Section showing density and caliber of the neurites found in the right third
digit. Density is typical of the 23 week old diabetic group, which averaged 7.6
corpuscles per area and 2.8 neurites per corpuscle. Density and caliber of the
neurites is less than those of the non-diabetic group. x225
Fig. 16b. Higher magnification of a non-regenerated Meissner corpuscle from the
same mouse, showing a typical corpuscle formation. x450
Fig. 16c. 120 Days Post-Crush: Section taken from the left third digit. Density and
caliber of the neurites does not appear to have fully regenerated when compared to
the non-crush sections, and the corpuscles do not appear as complex. x225
Fig. 16d. 120 Days Post-Crush: Higher magnification of a regenerated corpuscle,
showing thinner neurites and generally less-complex appearance when compared to
the corpuscles of the non-crush side. x450
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FIGURE 17
Graph showing a comparison of the number of Meissner corpuscles in the non-crush
side, with the number of corpuscles in the post-crush side at specific time frames in
non-diabetic animals. The n value equals 6 mice, with 2 digit and 4 sections per
mouse. Vertical lines represent SD values.
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FIGURE 18
Graph comparing the number of Meissner corpuscles found in the non-crush side,
with the number found in the post-crush side, at specific time-frames in diabetic
animals. The n value equals 6 mice, with 2 digits and 4 sections per mouse.
Vertical lines represent SD values.
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FIGURE 19
Graph comparing the number of Meissner corpuscles found in the post-crush non
diabetic animals, with the number found in the post-crush diabetic animals, at
specific time frames. The n value equals 6 mice, with 2 digits and 4 sections per
mouse. Vertical lines represent SD values.

83

FIGURE 20
Graph comparing the number of neurites per Meissner corpuscle found in the non
diabetic non-crush animals, with the number found in the non-diabetic post-crush
animals, at specific time frames. The n value equals 6 mice, with 2 digits and 4
sections per mouse. Vertical lines represent SD values.
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FIGURE 21
Graph comparing the number of neurites per Meissner corpuscle found in the
diabetic non-crush animals, with the number found in the diabetic post-crush
animals, at specific time frames. The n value equals 6 mice, with 2 digits and 4
sections per mouse. Vertical lines represent SD values.
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FIGURE 22
Graph comparing the number of neurites per Meissner corpuscle found in the post
crush non-diabetic animals, with the number found in the post-crush diabetic
animals, at specific time frames. The n value equals 6 mice, with 2 digits and 4
sections per mouse. Vertical lines represent SD values.
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FIGURE 23
Graph comparing the number of NIC’s per Meissner corpuscle found in the non
diabetic non-crush digits, with the number found in the non-diabetic post-crush
digits, at specific time frames. The n value equals 6 mice, with 2 digits and 4
sections per mouse. Vertical lines represent SD values.
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FIGURE 24
Graph comparing the number of NICs per Meissner corpuscle found in the diabetic
non-crush digits, with the number found in the diabetic post-crush digits, at specific
time frames. The n value equals 6 mice, with 2 digits and 4 sections per mouse.
Vertical lines represent SD values.
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FIGURE 25
Graph comparing the number of NICs per Meissner corpuscle found in the non
diabetic post-crush animals, with the number found in the diabetic post-crush
animals, at specific time frames. The n value equals 6 mice, with 2 digits and 4
sections per mouse. Vertical lines represent SD values.
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FIGURE 26
Graph comparing the amount of branching found in the non-diabetic non-crush
digits, with the amount found in the non-diabetic post-crush digits, at specific time
frames. The n value equals 6 mice, with 2 digits and 4 sections per mouse. Vertical
lines represent SD values.
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FIGURE 27
Graph comparing the amount of branching found in the diabetic non-crush digits,
with the amount found in the diabetic post-crush digits, at specific time frames. The
n value equals 6 mice, with 2 digits and 4 sections per mouse. Vertical lines
represent SD values.
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FIGURE 28
Graph comparing the amount of branching found in the non-diabetic post-crush
animals, with the diabetic post-crush animals, at specific time frames. The n value
equals 6 mice, with 2 digits and 4 sections per mouse. Vertical lines represent SD
values.
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